Introduction {#jcmm12838-sec-0001}
============

MicroRNAs (miRNA) comprise a family of small, non‐coding RNA molecules that play important roles in many biologic processes, including cell proliferation [1](#jcmm12838-bib-0001){ref-type="ref"}, differentiation [2](#jcmm12838-bib-0002){ref-type="ref"}, [3](#jcmm12838-bib-0003){ref-type="ref"} and apoptosis [4](#jcmm12838-bib-0004){ref-type="ref"}. Most miRNAs function by negatively regulating gene expression by directly binding to the 3′‐untranslated region (3′‐UTR) of a target gene mRNA, which induces mRNA cleavage or translational repression [5](#jcmm12838-bib-0005){ref-type="ref"}, [6](#jcmm12838-bib-0006){ref-type="ref"}. However, little is known about the function and mechanisms of individual miRs in regulating spermatogonial stem cell (SSC) homoeostasis.

The process of spermatogenesis is complex and involves numerous endocrine and paracrine signals to coordinate SSC self‐renewal and differentiation of daughter cells to undergo mitosis, meiosis and spermiogenesis to generate spermatozoa [7](#jcmm12838-bib-0007){ref-type="ref"}, [8](#jcmm12838-bib-0008){ref-type="ref"}. A number of studies have added a new layer of molecules associated with the intricate mechanisms of gene regulation, which include the expression of RNA‐induced silencing complex (RISC) components as well as a number of microRNAs (miRs), suggesting that miRs are functionally important in the process of spermatogenesis [9](#jcmm12838-bib-0009){ref-type="ref"}, [10](#jcmm12838-bib-0010){ref-type="ref"}. Notably, the loss of the RISC component Dicer, in germ cells or Sertoli cells, perturbs germ cell development and leads to infertility, and highlights the need for miR function in regulating spermatogenesis [11](#jcmm12838-bib-0011){ref-type="ref"}, [12](#jcmm12838-bib-0012){ref-type="ref"}.

Previous studies have demonstrated that miR‐383 is associated with male infertility and promoted embryonal testicular carcinoma cell proliferation [13](#jcmm12838-bib-0013){ref-type="ref"}. MicroRNA‐184 down‐regulates nuclear receptor co‐repressor 2 in mouse spermatogenesis [14](#jcmm12838-bib-0014){ref-type="ref"}. Additionally, miR‐34c could play an essential role in late spermatogenesis process and enhance mouse spermatogonial stem cells differentiation by targeting Nanos2 [15](#jcmm12838-bib-0015){ref-type="ref"}, [16](#jcmm12838-bib-0016){ref-type="ref"}. Niu *et al*. showed that miR‐21 is important in maintaining the SSC population and miR‐21 is regulated by the transcription factor ETV5 [17](#jcmm12838-bib-0017){ref-type="ref"}.

Moreover, miRNA‐20 and miRNA‐106a are identified as novel intrinsic RNA molecules that promote renewal of mouse SSCs at the post‐transcriptional level *via* targeting STAT3 and Ccnd1 [18](#jcmm12838-bib-0018){ref-type="ref"}. These studies highlighted the importance of miRNAs expression in controlling SSCs' growth and differentiation. There are about 1000 miRNAs present in the mouse and human genomes, and it is very likely that other miRNAs also regulate the fate of SSCs [18](#jcmm12838-bib-0018){ref-type="ref"}. However, the function and mechanisms of individual miRNAs in regulating mammalian germline stem cell (SSC) fate determinations remain almost unknown and research on this topic is still in its infancy.

Recently, it has been reported that microRNA‐224 is involved in the regulation of mouse cumulus expansion by targeting Ptx3 [19](#jcmm12838-bib-0019){ref-type="ref"}, indicating that miR‐224 may exert function in mouse reproduction. However, there were little information on miR‐224 effect on mouse SSCs and the real mechanism. Here, we have for the first time explored the expression, function and targets of miR‐224 in mouse SSCs.

Materials and methods {#jcmm12838-sec-0002}
=====================

Animals {#jcmm12838-sec-0003}
-------

BALB/c mice were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China) and were housed in the Animal Resource Facility. All procedures and experiments involving animals in this study were performed in accordance with the National Institutes of Health Guide for Care and Use of Laboratory Animals. The protocol was approved by the Committee on the Ethics of Animal Experiments of The Second Hospital of Hebei Medical University. All surgery was performed under sodium pentobarbital anaesthesia, and all efforts were made to minimize suffering.

Isolation of mSSCs and culture {#jcmm12838-sec-0004}
------------------------------

The day on the pups were born was marked as 1 dpp and the counting continued to the appropriate age for the experiments. Testes of Day 6 postnatal mice were harvested and the tunica albuginea were peeled under the stereomicroscope. Mouse SSCs, somatic and germinal cells were separated as described previously [18](#jcmm12838-bib-0018){ref-type="ref"}. Adult germ cells were isolated from the testis of a 60‐day‐old mice using a 2‐step enzymatic digestion and differential plating. Briefly, digested in collagenase IV (Invitrogen, Carlsbad, CA, USA) for 15 min. and pipetted 5 min. each time and then centrifuged. The seminiferous tubules were isolated from mouse testes as described above. The germ cells were separated using a second enzymatic digestion with 4 mg/ml collagenase IV (Invitrogen), 2 mg/ml trypsin (Invitrogen) and 1 μg/ml DNase I (Invitrogen). The cell suspension was placed into culture dish and incubated for 1 h at 37°C with gelatin and 1 h at 37°C in laminin coated dish to eliminate residual adherent Sertoli cells (differential plating). The cells were then collected by trypsin digesting and centrifuging at 1400 rpm for 5 min. Cells were seeded at a density of 1.5 × 10^5^ cells per well on 12‐well plates without feeders. Spermatogonial stem cell cultures were maintained in a serum‐free α‐MEM medium, supplemented with 20 ng/ml glial cell line‐derived neurotrophic factor (GDNF) (Peprotech, Rocky Hill, CT, USA), and 2 ng/ml basic fibroblast growth factor (FGF2, Millipore, Billerica, MA, USA) 2.5 μM SB202190 (Sigma, St. Louis, MO, USA), 2.5 μM SB216763 (Sigma), 0.5 μM PD0325901 (Sigma) and incubated at 37°C in 5% CO~2~ balance air atmosphere for first three passages. After three passages, SSCs were seeded in plates with mitotically inactivated mouse epidermal fibroblasts. The medium was replaced by DMEM/F12 (Invitrogen) supplemented with 15% FBS (Hyclone, Logan, UT, USA) and 1000 U/ml leukaemia inhibitory factors (LIF; Millipore, Billerica, MA, USA) every 2 days, and cultures were routinely passaged at intervals of 3 days. The putative germ cell line C18‐4 and the NIH 3T3 fibroblast cell line were purchased from ATCC. The cell lines were grown in DMEM containing 1 mM sodium pyruvate, 50 U/ml penicillin‐streptomycin, 100 mM nonessential amino acids and 2 mM L‐glutamine with 5% FCS (Atlanta Biologicals, Flowery Branch, GA, USA). The *in vitro* work described in this study was generated from at least three independent cultures from separate groups of mice.

Flow cytometry {#jcmm12838-sec-0005}
--------------

The expression of CD9 was evaluated on SSCs obtained from mouse testes. Cells (1 × 10^6^) were suspended in 2% BSA/PBS and labelled with isotype control and CD9 (all purchased from BD Biosciences, Franklin Lakes, NJ, USA). Flow cytometry was performed with a FC500 flow cytometer (Beckman Coulter, Indianapolis, IN, USA) and analysed by Beckman Coulter CXP software.

RNA isolation, reverse transcription and qRT‐PCR {#jcmm12838-sec-0006}
------------------------------------------------

RNA was extracted from freshly isolated cells as mentioned above using Trizol (Invitrogen). MiRNA was extracted from C18‐4 cells, adult male germ cells or NIH 3T3 cells (ATCC, Rockville, MD, USA), using the mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA) and treated with DNase I to remove any genomic DNA contamination. Total RNA was extracted from mouse SSCs transfected with or without miRNA‐224 mimic or inhibitor using Trizol. For mature miR‐224 detection, reverse‐transcribed complementary DNA was synthesized with the PrimeScript RT reagent Kit (TaKaRa, Dalian, China) according to the manufacturer\'s instructions, and quantitative real‐time PCR (qRT‐PCR) was performed with SYBR Premix ExTaq (TaKaRa, Dalian, China) with the Stratagene Mx3000P real‐time PCR system (Agilent Technologies, Inc., Santa Clara, CA, USA). Expression levels were normalized against the endogenous snRNA U6 control. The relative expression ratio of miR‐224 was calculated by the 2^−ΔΔCT^ method. For mRNA analyses, cDNA was synthesized using Moloney murine leukaemia virus reverse transcriptase (Promega, Madison, WI, USA). Quantitative RT‐PCR was performed with SYBR Premix ExTaq with the Stratagene Mx3000P real‐time PCR system. GAPDH was used as internal controls for mRNA quantification. The relative expression ratio of mRNA was calculated by the 2^−ΔΔCT^ method. The PCR for each gene were repeated three times. Independent experiments were done in triplicate. The primers used in this study are as follows. *GFR*α*1*: Forward 5′‐ggctaggaggaggagatgct‐3′; Reverse 5′‐ctggatgtgaccagggactt‐3′. *PLZF*: Forward 5′‐gcaggagccagcaaaggcga‐3′; Reverse 5′‐gcagagaccccagggagggg‐3′. *DMRT1*: Forward 5′‐atgaagacctcagagagccg ‐3′; Reverse 5′‐caagccagaatcttgactgc‐3′. β*‐catenin*: Forward 5′‐aaggaagcttccagacatgc‐3′; Reverse 5′‐agcttgctctcttgattgcc‐3′. *GAPDH*: Forward 5′‐aactttggcattgtggaagg‐3′; Reverse 5′‐acacattgggggtaggaaca‐3′.

MiR‐224 detection by fluorescence *in situ* hybridization (FISH) {#jcmm12838-sec-0007}
----------------------------------------------------------------

Mmu‐miR‐224 detection probe, scrambled probe and detection kits were purchased from Focobio Corporation (Guangzhou, China). The fluorescence *in situ* hybridization (FISH) assay was performed as previously described [16](#jcmm12838-bib-0016){ref-type="ref"}. Briefly, mouse testicular tissue and adult testis were fixed and embedded in paraffin. The slides (5 μm) were dewaxed, incubated in solution A and solution B for 20 min. and 15 min. respectively. After that, the slides were washed and fixed in 4% formaldehyde for 15 min. Before pre‐hybridization with solution C, the slides were washed in PBS for 10 min. The slides were hybridized by adding 10 μl hybridization solution containing 1.5--2.0 μM miR‐224 probe overnight in the 40--42°C incubator. In the second day, the slides were washed in washing buffer I for 15 min. then rinsed in washing buffer II twice for 15 min. each. The slides were washed in 75%, 100% ethanol for 2 min., respectively, and air‐dried for 10 min., which was followed by adding 10 μl DAPI for 10 min. The slides could be analysed by Axio Observer Z1 fluorescence microscope (Zeiss, Germany).

Proliferation assays {#jcmm12838-sec-0008}
--------------------

Mouse SSCs were seeded at a density of 2000 cells/well in 96‐well microtitre plates coated with 0.1% gelatin in StemPro‐34 SFM medium supplemented with 100 ng/ml GDNF and transfected without miRNA or with miRNA mimic control, miRNA‐224 mimic, miRNA inhibitor control, miRNA‐224 inhibitor. After 5 days of culture, proliferation assays were performed with the Non‐Radioactive Cell Proliferation Assay (Promega) as measured by the amount of absorbance at 490 nm according to the procedure as described previously [20](#jcmm12838-bib-0020){ref-type="ref"}.

EdU incorporation assay {#jcmm12838-sec-0009}
-----------------------

The mouse SSCs was examined using the Cell‐Light EdU Apollo488 *In Vitro* Imaging Kit (RiboBio, Guangzhou, China) according to the manufacturer\'s protocol. Briefly, cells were incubated with 10 μM EdU for 2 h before fixation with 4% paraformaldehyde, permeabilization by 0.3% Triton X‐100 and EdU staining. Cell nuclei were stained with 5 μg/ml DAPI (4′,6‐diamidino‐2‐phenylindole) for 10 min. The number of Edu‐positive cells was counted under a microscope in five random fields (×100). All assays were independently performed in triplicate.

Transient transfection of miR‐224 mimic or inhibitor into mouse SSCs {#jcmm12838-sec-0010}
--------------------------------------------------------------------

MiR‐224 mimic and inhibitor were purchased from Genepharma Co. (Shanghai, China). mSSCs were transfected with miR‐224 mimic or miR‐224 inhibitor in a 48‐well plate, and scrambled oligonucleotides [21](#jcmm12838-bib-0021){ref-type="ref"} as a control. MiR‐224 mimic/inhibitor were diluted to 0.2 ng in 50 μl Opti‐MEM (Invitrogen) reduced serum medium. Mixed gently, then added 0.5 μl PLUS^™^ Reagent (Invitrogen) directly to the diluted RNAs and incubated the mixed medium for 5 min. at room temperature (RT). LipofectamineTM LTX Reagent (Invitrogen) was mixed gently before use, then 1 μl was added directly to the diluted RNA. Mixed gently and incubated for 30 min. at RT. The 50 μl RNA‐Lipofectamine^™^ LTX complexes were added, and incubated the cells for 4--6 h at 37°C in a CO~2~ incubator. The transfection medium was replaced 4 h later by fresh growth medium, and the cells were observed after 48 h under Evos f1 fluorescence microscope (AMG, Mill Creek, WA, USA). Using these conditions, we have achieved 80% transfection efficiency into mSSCs for both miR‐224 mimic and miR‐224 inhibitor.

Transient transfection with siRNAs {#jcmm12838-sec-0011}
----------------------------------

siRNAs for β‐catenin and DMRT1 were designed and synthesized by Guangzhou RiboBio (Guangzhou, China). The sequence of the negative control [21](#jcmm12838-bib-0021){ref-type="ref"} was also designed by RiboBio. Twelve hours prior to transfection, cells were plated onto a 6‐well or a 96‐well plate (Nest Biotech, Shanghai, China) at 30--50% confluence. TurboFect siRNA Transfection Reagent (Fermentas, Vilnius, Lithuania) was then used to transfect siRNA into cells according to the manufacturer\'s protocol. Cells were collected after 48--72 h for further experiments.

Western blot analysis {#jcmm12838-sec-0012}
---------------------

Whole‐cell lysates were separated in 12% SDS‐PAGE gels and blotted on nitrocellulose membranes, and probed with antibodies against β‐Actin (Santa Cruz Biotechnology, Inc., Dallas, TX, USA), DMRT1, β‐catenin, GFRα1 and PLZF (Cell Signaling Technology, Danvers, MA, USA). After incubation with primary antibodies, the membranes were washed with TBS/0.05% Tween‐20 and incubated with horseradish peroxidase‐conjugated secondary antibodies at room temperature for 1 h. Signals were detected using enhanced chemiluminescence reagents (Pierce, Rockford, IL, USA).

3′‐UTR luciferase reporter assays {#jcmm12838-sec-0013}
---------------------------------

For reporter assays, DMRT1 3′‐UTR amplified by PCR primers was cloned into psiCHECK‐2 vectors (named wt). Site‐directed mutagenesis of the miR‐224‐binding site in DMRT1 3′‐UTR was performed with GeneTailor Site‐Directed Mutagenesis System (Invitrogen, Guangzhou, China; named mt). The wt or mt vector and the control vector, psiCHECK‐2 vector, were cotransfected into SSCs with miR‐224 mimic or inhibitor in 48‐well plates, and then harvested for luciferase assay 48 h after transfection. Luciferase assays were performed by using the Dual‐Luciferase Reporter Assay System (Promega Corporation, Madison, WI, USA) according to the manufacturer\'s protocol. Firefly luciferase was used for normalization.

Transplantation of mouse SSCs transfected with pLL3.7‐miR‐224 lentiviral particles into infertile mice {#jcmm12838-sec-0014}
------------------------------------------------------------------------------------------------------

The mice were treated with busulfan (44 mg/kg bw) 2 months prior to transplantation to deplete endogenous germ cells. To distinguish transplanted cells from endogenous germ cells, Mouse SSCs were transfected with pLL3.7‐miR‐224 lentiviral particles or negative control, and cultured for 1 day or 5 days with the media as mentioned above in proliferation assay, and 10^6^ cells were transplanted to each testis of busulfan‐treated nude mice (*n* = 6 each group) pursuant to the procedure for germ cell transplantation. Recipient mice with DMEM injection but without mouse SSC transplantation served as controls. Two months after transplantation, recipient mice were killed for determining phenotypic features of SSC markers in testicular cells.

Immunohistochemistry {#jcmm12838-sec-0015}
--------------------

Paraffin‐embedded sections (4‐μm thickness) of testis tissue were deparaffinized in 100% xylene and rehydrated in descending ethanol series and water according to standard protocols. Heat‐induced antigen retrieval was performed in 10 mM citrate buffer for 2 min. at 100°C. Endogenous peroxidase activity and non‐specific antigens were blocked with peroxidase blocking reagent containing 3% hydrogen peroxide and serum, followed by incubation with GFRα1, PLZF and DMRT1 antibodies (Cell Signaling Technology) overnight at 4°C. After washing, the sections were incubated with biotin‐labelled rabbit anti‐goat antibody for 15 min. at room temperature, and subsequently were incubated with streptavidin‐conjugated horseradish peroxidase (Maixin, Fuzhou, China). The peroxidase reaction was developed using 3,3‐diaminobenzidine (DAB) chromogen solution in DAB buffer substrate. Sections were visualized with DAB and counterstained with hematoxylin, mounted in neutral gum and analysed using a bright field microscope. Each sample was examined separately and scored by two blinded pathologists.

Statistical analysis {#jcmm12838-sec-0016}
--------------------

Data are presented as mean ± SD from three independent experiments unless otherwise indicated. The data were analysed by Student *t*‐test (two tailed), or a one‐way analysis of variance ([anova]{.smallcaps}), followed by pairwise multiple comparisons to determine any difference between groups (Tukey) using Prism version 5 (GraphPad Software, Inc., San Diego, CA, USA). Values of *P* \< 0.05 were considered statistically significant.

Results {#jcmm12838-sec-0017}
=======

MiR‐224 was highly expressed in mouse SSCs {#jcmm12838-sec-0018}
------------------------------------------

The cells presumed to be SSCs derived from mouse testes were isolated and harvested for stem cell culture. Since CD9 is a surface marker on mouse germline stem cells [22](#jcmm12838-bib-0022){ref-type="ref"}, the expression of CD9 was evaluated on the cells isolated from mouse testes by flow cytometry. The result showed that more than 95% of cells presumed to be SSCs express CD9 (Fig. S1A), indicating that the SSCs isolated from mouse testes have the characteristics of germinal cells.

To determine the expression level of mature miR‐224 in the adult mouse testis, quantitative real‐time RT‐PCR (qRT‐PCR) analysis was performed in various types of cells in adult mouse testes, including the SSCs. As shown in Fig. [1](#jcmm12838-fig-0001){ref-type="fig"}A, we found that miR‐224 was expressed at much higher levels in mouse SSCs and a mouse SSC line (C18‐4 cells), compared to germinal cells, adult male germ cells and somatic cells. To further localize miR‐224 expression in the developing testis, a FISH assay in adult mouse testis was performed. A scrambled probe was used as a negative control. As shown in Fig. [1](#jcmm12838-fig-0001){ref-type="fig"}B, microscopic appearance of germ cell colonies was observed. MiR‐224 was detected in differentiating germ cells, such as round spermatids (Fig. [1](#jcmm12838-fig-0001){ref-type="fig"}C). Few or close to none signals were observed in interstitial cells within the testis.

![The expression of miR‐224 in various types of cells and subcellular localization in adult mouse testes. (**A**) The mRNA levels of miR‐224 in mouse spermatogonial stem cells, germinal cells (c‐kit positive spermatogonia), C18‐4 cells, adult male germ cells, NIH 3T3 and somatic cells were measured by qRT‐PCR assay. To compare the expression of miR‐224 in different types of cells, the expression of miR‐224 in NIH 3T3 cells was set as 1. \*\**P* \< 0.01 indicated significant difference compared to NIH 3T3 cells. (**B**) Microscopic appearance of germ cell colonies. (**C**) Fluoresce in *in situ* hybridization (FISH) analysis reveals the expression profile of miR‐224 in adult mouse testis. DAPI was used to show cell nuclei. The differentiated germ cells, such as round spermatids (arrows) were positive for miR‐224. Scale bars = 20 μm.](JCMM-20-1503-g001){#jcmm12838-fig-0001}

MiR‐224 regulates SSCs self‐renewal {#jcmm12838-sec-0019}
-----------------------------------

To investigate the effects of miR‐224 on mouse SSCs, negative control small RNAs, miR‐224 mimic and miR‐224 inhibitor were transfected into SSCs respectively. As shown in Fig. [2](#jcmm12838-fig-0002){ref-type="fig"}A, RT‐PCR analysis revealed that miR‐224 expression was significantly increased in SSCs after miR‐224 mimic transfection compared to cells treated with miRNA mimic control. Conversely, miR‐224 expression was significantly decreased in SSCs treated by miR‐224 inhibitor transfection compared to SSCs with miRNA inhibitor control. In addition, proliferation assays demonstrated that miR‐224 mimic induced a significant increase in cell number in mouse SSCs after culture for 5 days, compared to miRNA mimic control or without miRNA transfection (Fig. [2](#jcmm12838-fig-0002){ref-type="fig"}B). In contrast, miR‐224 inhibitor resulted in a significant reduction in cell number in mouse SSCs, compared to miRNA inhibitor control or without miRNA transfection (Fig. [2](#jcmm12838-fig-0002){ref-type="fig"}B). Moreover, the cell proliferation of mouse SSCs treated by miR‐224 mimic was assessed using EdU incorporation assay. EdU‐positive cells were significantly increased in SSCs with miR‐224 mimic compared to miRNA mimic control (Fig. [2](#jcmm12838-fig-0002){ref-type="fig"}C and D). Conversely, miR‐224 inhibitor led to a significant decrease in EdU‐positive cells in mouse SSCs, compared to miRNA inhibitor control (Fig. [2](#jcmm12838-fig-0002){ref-type="fig"}C and D).

![The effects of miR‐224 on differentiation of mouse SSCs. (**A**) Real‐time PCR analysis revealed that miR‐224 mimics and inhibitor are effectively transfected into SSCs. To compare the expression of miR‐224 in different transfection cells, the expression of miR‐224 in negative control cells was set as 1. (**B** and **C**) Mouse SSCs were transfected with miR‐224 mimic, miRNA mimic control, miR‐224 inhibitor or miRNA inhibitor control, followed by proliferation assay (**B**) and EdU incorporation assay (**C**). (**D**) Quantification of EdU assay. Data are presented as mean ± SD from three independent experiments. \*\**P* \< 0.01 compared with the control group. Scale bars = 20 μm. SSC, spermatogonial stem cell.](JCMM-20-1503-g002){#jcmm12838-fig-0002}

The differentiation marker changes of SSCs transfected with miR‐224 mimic and inhibitor {#jcmm12838-sec-0020}
---------------------------------------------------------------------------------------

We further explored the differentiation marker changes of SSCs transfected with miR‐224 mimic and inhibitor. Molecular markers such as GFRα1 and PLZF are known to be expressed in undifferentiated spermatogonia [23](#jcmm12838-bib-0023){ref-type="ref"}, [24](#jcmm12838-bib-0024){ref-type="ref"}. As shown in Figure [3](#jcmm12838-fig-0003){ref-type="fig"}A and B, we found that the mRNA and protein levels of GFRα1 and PLZF were significantly elevated in SSCs with miR‐224 mimic transfection compared to mimic control. In contrast, the expression of GFRα1 and PLZF were decreased in SSCs with miR‐224 inhibitor transfection compared to inhibitor control (Fig. [3](#jcmm12838-fig-0003){ref-type="fig"}C and D). Taken together, these results suggest that miR‐224 plays a role in regulation of SSCs self‐renewal.

![The effects of miR‐224 on differentiation marker of SSCs. (**A**--**D**) Mouse SSCs were transfected with miR‐224 mimic, miRNA mimic control, miR‐224 inhibitor or miRNA inhibitor control. The expression of GFRα1 and PLZF were measured by RT‐PCR (**A** and **C**) and Western blot assays (**B** and **D**) respectively. Data are presented as mean ± SD from three independent experiments. \*\**P* \< 0.01 compared with the control group. SSC, spermatogonial stem cell.](JCMM-20-1503-g003){#jcmm12838-fig-0003}

DMRT1 is a direct target of miR‐224 {#jcmm12838-sec-0021}
-----------------------------------

To explore the mechanism by which miR‐224 promotes differentiation of mouse SSCs, we applied two algorithms that predict the mRNA targets of a miRNA‐PicTar [25](#jcmm12838-bib-0025){ref-type="ref"} and TargetScan [26](#jcmm12838-bib-0026){ref-type="ref"}. On the basis of the representation of miR‐224 sites in their 3′ untranslated regions (UTR), \>50 mRNAs were predicted to be regulated by miR‐224. Among these candidates, genes with more than twofold changes were considered of interest. Interestingly, we found that DMRT1 is downregulated and possessed the lowest expression among miR‐224 target genes. Moreover, it has been reported that the DMRT1 is an essential component involved in sexual differentiation and DMRT1 overexpression is thought to cause spermatocytic seminomas in human adults by increasing Ret expression [27](#jcmm12838-bib-0027){ref-type="ref"}. Further, little is known about the function of DMRT1 in differentiation of mouse SSCs. To determine the expression level of DMRT1 in the different lineages of the testis, including SSCs, somatic and germinal cells, qRT‐PCR analysis was performed. As shown in Fig. S1B, the expression level of DMRT1 was higher in SSCs and germinal cells than in somatic cells. To confirm whether miR‐224 directly suppressed the expression of DMRT1, a dual‐luciferase reporter system was employed. We subcloned 3′‐UTR region of DMRT1 mRNA including the predicted miR‐224 recognition site (wild‐type) or the mutated sequence (mutant type) into luciferase reporter plasmids (Fig. [4](#jcmm12838-fig-0004){ref-type="fig"}A). Our results showed that the reporter plasmid with 3′‐UTR of DMRT1 resulted in a significant decrease in luciferase activity after transfection with miR‐224 mimic, and resulted in a significant increase in luciferase activity after transfection with miR‐224 inhibitor, whereas the plasmid without DMRT1 3′‐UTR had no change in luciferase activity (Fig. [4](#jcmm12838-fig-0004){ref-type="fig"}B). Subsequently, mRNA and protein levels of DMRT1 in miR‐224 mimic treated cells were detected using qRT‐PCR and Western blot. Overexpression of miR‐224 significantly decreased both the DMRT1 mRNA and protein levels compared with mimic control cells (Fig. [4](#jcmm12838-fig-0004){ref-type="fig"}C and D). Taken together, these results suggest that miR‐224 can directly decrease DMRT1 expression by targeting its 3′‐UTR.

![miR‐224 directly targets the DMRT1 *via* its 3′‐UTR in spermatogonial stem cells. (**A**) Target region of DMRT1 3′‐UTR for miR‐224, with complementary sequences highlighted in blue. (**B**) The effect of miR‐224 on the activity of firefly luciferase reporter containing either wild‐type (WT) or mutant type (Mut) 3′‐UTR was tested using luciferase reporter gene assays. (**C** and **D**) The effect of miR‐224 on the expression levels of DMRT1 was examined by qRT‐PCR and Western blot analysis. Data are presented as mean ± SD from three independent experiments. \*\**P* \< 0.01 compared with the control group. UTR, untranslated region.](JCMM-20-1503-g004){#jcmm12838-fig-0004}

MiR‐224 is activated by WNT/β‐catenin signalling in mouse SSCs {#jcmm12838-sec-0022}
--------------------------------------------------------------

It has been reported that WNT/β‐catenin pathways play an important role in the regulation of mouse and human spermatogonia [28](#jcmm12838-bib-0028){ref-type="ref"}. To further confirm these results in mouse SSCs, we stabilized β‐catenin protein by treating SSCs cells with lithium chloride (LiCl), an inhibitor of GSK3β, which is responsible for β‐catenin degradation. We found that the expression of the miR‐224 was significantly activated by LiCl treatment in SSCs (Fig. [5](#jcmm12838-fig-0005){ref-type="fig"}A). Interestingly, a significant reduction in miR‐224 expression in cells transfected with β‐catenin siRNA was verified by qRT‐PCR (Fig. [5](#jcmm12838-fig-0005){ref-type="fig"}B). Moreover, we ask whether DMRT1 connects with β‐catenin. Interestingly, we found that both the mRNA and protein levels of β‐catenin were increased by knockdown of DMRT1 (Fig. [5](#jcmm12838-fig-0005){ref-type="fig"}C and D). Taken together, these results suggest that WNT/β‐catenin signalling is involved in miR‐224 mediated regulation of SSCs self‐renewal.

![miR‐224 is activated by WNT/β‐catenin signalling in SSCs. (**A**) qRT‐PCR analysis of miR‐224 in SSCs treated with or without LiCl (20 mmol/l) for 36 hrs. (**B**) qRT‐PCR analysis of miR‐224 in SSCs transfected with siRNAs against β‐catenin or negative control. (**C** and **D**) qRT‐PCR analysis (**C**) and Western blot assay (**D**) of β‐catenin in SSCs transfected with siRNAs against DMRT1 or negative control. Data are presented as mean ± SD from three independent experiments. \*\**P* \< 0.01 compared with the control group. SSC, spermatogonial stem cell.](JCMM-20-1503-g005){#jcmm12838-fig-0005}

MiR‐224 overexpression increases expression of GFRα1 and PLZF and decreases DMRT1 expression in mouse testes {#jcmm12838-sec-0023}
------------------------------------------------------------------------------------------------------------

To explore the function of miR‐224 in regulating SSCs *in vivo*, we transplanted fresh and cultured mouse SSCs with pLL3.7‐miR‐224 or scrambled RNA control into seminiferous tubules of sterile busulfan‐treated nude mice. RT‐PCR analysis showed that miR‐224 expression was significantly increased in male germ cells from recipient mice transplanted with SSCs after pLL3.7‐miR‐224 transfection compared to cells treated with negative control (Fig. [6](#jcmm12838-fig-0006){ref-type="fig"}A). In addition, as shown in Figure [6](#jcmm12838-fig-0006){ref-type="fig"}B, immunohistochemistry revealed that miR‐224 transfection resulted in a significant increase in male gem cells that were positive for GFRA1 and PLZF, whereas miR‐224 transfection led to rare cells expressing DMRT1, compared to the cells from the mice transplanted with scrambled RNA control. These data further suggest that miR‐224 is required for renewal of mouse SSCs and overexpression of miR‐224 can decrease DMRT1 expression *in vivo*.

![Effects of miR‐224 on the expression of GFRα1, PLZF and DMRT1 in mouse testes. (**A**) qRT‐PCR analysis of miR‐224 expression in male germ cells from recipient mice transplanted with spermatogonial stem cells after pLL3.7‐miR‐224 transfection. (**B**) Immunohistochemistry showed that GFRα1 and PLZF expression was increased, DMRT1 expression was decreased in mouse testes transplanted with pLL3.7‐miR‐224. Scale bars = 20 μm.](JCMM-20-1503-g006){#jcmm12838-fig-0006}

Discussion {#jcmm12838-sec-0024}
==========

Recently, accumulating data have indicated that SSCs can acquire pluripotency to become ES‐like cells that are able to differentiate into all cell lineages of the three germ cell layers [21](#jcmm12838-bib-0021){ref-type="ref"}, [29](#jcmm12838-bib-0029){ref-type="ref"}, [30](#jcmm12838-bib-0030){ref-type="ref"}, [31](#jcmm12838-bib-0031){ref-type="ref"}. Therefore, SSCs have great potential for cell‐based and autologous organ regeneration therapy for human diseases without the associated ethical issues and immune rejection [18](#jcmm12838-bib-0018){ref-type="ref"}. The regulation of SSCs requires the actions of intrinsic factors and extrinsic signals, and it has been suggested that SSC renewal is regulated primarily by intrinsic factors [17](#jcmm12838-bib-0017){ref-type="ref"}. Thus, it is imperative to uncover intrinsic molecules regulating the renewal or differentiation of SSCs before the cells can be used in the clinic. In this study, we report for the first time that miR‐224 is highly expressed in mouse SSCs and miR‐224 is involved in the self‐renewal of SSCs. MiR‐224 promotes differentiation of SSCs *via* targeting DMRT1 and WNT/β‐catenin signaling is also involved in miR‐224 mediated regulation of SSCs self‐renewal. MiR‐224 overexpression increases the expression of GFRα1, PLZF and decreases DMRT1 expression in mouse testes. Our results provide novel insights into molecular mechanisms regulating differentiation of SSCs.

It is well documented that miRNAs play crucial roles in the regulation of cellular proliferation [1](#jcmm12838-bib-0001){ref-type="ref"}, differentiation [2](#jcmm12838-bib-0002){ref-type="ref"}, [3](#jcmm12838-bib-0003){ref-type="ref"} and apoptosis [4](#jcmm12838-bib-0004){ref-type="ref"}. Previous studies have demonstrated that miRNAs might play an important role in spermatogenesis in mammals [32](#jcmm12838-bib-0032){ref-type="ref"}, [33](#jcmm12838-bib-0033){ref-type="ref"}, [34](#jcmm12838-bib-0034){ref-type="ref"}, [35](#jcmm12838-bib-0035){ref-type="ref"}, [36](#jcmm12838-bib-0036){ref-type="ref"}. It has been shown that miR‐146 modulates the effects of RA on spermatogonial differentiation [37](#jcmm12838-bib-0037){ref-type="ref"}. MiR‐122 expression is associated with abnormal sperm development, and may influence spermatozoa‐like cells by suppressing TNP2 expression and inhibiting the expression of proteins associated with sperm development [38](#jcmm12838-bib-0038){ref-type="ref"}. It also has been reported that miR‐122 overexpression might play pivotal roles in inhibiting proliferation, stimulating apoptosis and suppressing invasion of human cholangiocarcinoma cells [39](#jcmm12838-bib-0039){ref-type="ref"}. In addition, miR‐34c expressed highly in adult testis, and by transfection of miR‐34c into vasa‐overexpressed Hela cells, spermatogenesis‐related genes (even containing some late‐stage expressed genes) were detected in these cells and miR‐34c might be involved in the control of the late steps of spermatogenesis [15](#jcmm12838-bib-0015){ref-type="ref"}. Moreover, miR‐34c enhances mouse spermatogonial stem cells differentiation by targeting Nanos2 [16](#jcmm12838-bib-0016){ref-type="ref"}. In recent studies, Yao *et al*. [40](#jcmm12838-bib-0040){ref-type="ref"} reported that miR‐224 is involved in transforming growth factor‐beta‐mediated mouse granulosa cell proliferation and granulosa cell function by targeting Smad4. Yao *et al*. [19](#jcmm12838-bib-0019){ref-type="ref"} also reported that microRNA‐224 is involved in the regulation of mouse cumulus expansion by targeting Ptx3. These reports demonstrated that miR‐224 may target different genes in different types of granulosa cells during follicular development, indicating that miR‐224 may be involved in mouse reproduction. Generating expression profiles of miRNAs in male germ cells is a pre‐requisite for a thorough understanding of their roles in regulating SSC fate decisions. Although several studies show the expression patterns of miRNAs in mouse germ cells [41](#jcmm12838-bib-0041){ref-type="ref"} and mouse gonocytes [11](#jcmm12838-bib-0011){ref-type="ref"}, the expression, function, and the targets of miR‐224 in controlling SSC fate determinations remain mostly unknown. In the current study, we found that miR‐224 were expressed preferentially in mouse SSCs using miR‐224 FISH and RT‐PCR analysis. In addition, we revealed cellular localization of miR‐224 in the spermatogonia. The expression profiles and subcellular localization of miR‐224 in adult mouse testes suggest that miR‐224 may play essential roles in regulating the renewal of mouse SSCs. It has been documented that GFRα1 and PLZF are known to be expressed in undifferentiated spermatogonia [23](#jcmm12838-bib-0023){ref-type="ref"}, [24](#jcmm12838-bib-0024){ref-type="ref"}. We further demonstrated that miR‐224 promotes differentiation of mouse SSCs associated with the elevated expression of GFRα1 and PLZF in SSCs with miR‐224 mimic transfection. Taken together, these results suggest that miR‐224 is required for differentiation of mouse SSCs.

Doublesex and Mab‐3‐related transcription factor 1 is one of a group of conserved transcriptional regulators of sexual differentiation that share a Doublesex/Mab‐3 (DM) domain DNA‐binding motif and is required for testicular development in vertebrates [42](#jcmm12838-bib-0042){ref-type="ref"}. In mice, this gene is expressed in the gonad and is essential for differentiation of germ cells and Sertoli cells. Strikingly, testes without DMRT1 show ovarian differentiation even at the adult stage [43](#jcmm12838-bib-0043){ref-type="ref"}. Humans lacking one copy of DMRT1 exhibit testicular dysgenesis and in some cases are feminized [27](#jcmm12838-bib-0027){ref-type="ref"}. In germ cells, this gene is responsible for the formation of teratomas from PGCs, but it is limited to the 129 background [27](#jcmm12838-bib-0027){ref-type="ref"}. In the postnatal testis, DMRT1 has been considered as a transcriptional gatekeeper that controls mitosis *versus* meiosis in germ cells [44](#jcmm12838-bib-0044){ref-type="ref"}. Undifferentiated spermatogonia without DMRT1 showed precocious entry into meiosis and reached meiotic prophase by skipping amplifying divisions of the differentiating spermatogonia population, but no tumoUr formation was reported in postnatal animals without DMRT1. In contrast, DMRT1 overexpression is thought to cause spermatocytic seminomas in human adults by increasing Ret expression [27](#jcmm12838-bib-0027){ref-type="ref"}. Recent studies showed that DMRT1 is a critical gene involved in sexual differentiation [43](#jcmm12838-bib-0043){ref-type="ref"} and DMRT1 is involved in the regulation of pluripotency in male germline stem cells [45](#jcmm12838-bib-0045){ref-type="ref"}. In our study, bioinformatics analysis and Luciferase reporter assay demonstrated that DMRT1 3′UTR has a specific miR‐224‐binding sequence. In addition, we showed that miR‐224 is activated by WNT/β‐catenin signalling, which plays an important role in the regulation of mouse and human spermatogonia [28](#jcmm12838-bib-0028){ref-type="ref"}. Moreover, the mRNA and protein levels of GFRα1 and PLZF were up‐regulated after overexpression of miR‐224 in mouse SSCs, accompanied by the down‐regulation of DMRT1. These data further indicated that DMRT1 is one target of miR‐224, and overexpression miR‐224 influenced SSCs' differentiation by suppressing DMRT1 expression, and promoting the expression genes associated with differentiation, including GFRα1 and PLZF.

In conclusion, our study demonstrated that miR‐224 as novel intrinsic RNA molecules that promote renewal of mouse SSCs *via* targeting DMRT1, providing a novel mechanism with involvement of miRNAs in the regulation of male germ cell differentiation. This study, thus, provides novel mechanisms regulating SSC fate determinations and may have important implications for regulating male reproduction.
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**Figure S1** The characterization of SSCs and the expression of DMRT1 in the different lineages of the testis.
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